Because the substructures of the thalamus are not visible on standard T1-and T2-weighted MR images, planning of deep brain stimulation implantation relies on stereotactic atlas coordinates. The goal of the present work was to test whether an optimized 3D MPRAGE protocol can depict thalamus substructures.
T
here has been increasing interest in deep brain stimulation in the treatment of several neurologic diseases since the first positive experiences in humans in the early 1980s. 1 Typical neurologic diseases treated with deep brain stimulation are Parkinson disease, dystonia, and essential tremor. 1 Typical targets in the basal ganglia are the subthalamic nucleus, the internal globus pallidus, and the thalamic nuclei such as the nucleus ventralis intermedius. [2] [3] [4] More recently, the initial results of larger patient groups with epilepsy treated with deep brain stimulation in the anterior thalamus complex have been published. 5 More substructures of the thalamus, such as the CM or the parafasicular nucleus complex, have also been reported to be possible targets for deep brain stimulation in a variety of diseases. [6] [7] [8] Placement of electrodes is usually planned indirectly, with coordinates taken from stereotactic atlases of the thalamus, because the substructures of the thalamus are not visible on routine MR imaging, 9 and is corrected by intraoperative electrophysiologic mapping. All histologic atlases face known problems: Sections in different orientations are from different subjects and the distance between adjacent sections is relatively large and may vary. To improve targeting with coordinates from classic histologic atlases, a mean 3D atlas of the human thalamus has been published recently. 10 Many authors have already addressed the problem of individualized depiction of thalamic substructures. Deoni et al 11 were able to show that many substructures of the thalamus can be identified with a measurement at 1.5T, if measurement times of several hours are used. For measurements with a shorter time, a segmentation algorithm is able to identify important substructures. Still, this segmentation algorithm of Deoni et al requires seed points taken from anatomic atlases, which face the known problems. Just recently, Lemaire et al 12 reported that high-resolution T1-weighted measurements can be used to create images of the thalamus, which were very comparable to myelin-stained histologic sections. Such a contrast can easily be used to identify many well-known structures in individual thalami; however, the measurement time for the protocol used was during 14 hours. Kanowski et al 13 showed that the CM is already identifiable in a reasonable measurement time of 13-26 minutes with proton-attenuation weighted images at 3T. The goal of the present work was to develop an MR imaging protocol at 3T that depicts the major substructures of the thalamus within a reasonable measurement time. Because T1-weighted images at high field strengths show a contrast comparable with myelin stains, 12 a 3D MPRAGE protocol was optimized.
Materials and Methods
After approval by the local ethics committee, 6 healthy subjects (2 men, 4 women; 21-34 years of age; mean, 26.5 years) who gave written informed consent were included in this study. All subjects were measured with standard single-slab 3D MPRAGE sequences on a 3T scan-ms; TR, 2300 ms; echo spacing, 8.6 ms; bandwidth, 130 Hz/pixel; NEX, 2; flip angle, 8°; time of acquisition, 19:39 minutes. The TI was experimentally chosen to maximize suppression of cortical gray matter in the first subject by using low-resolution images. TI was varied in steps of 50 ms starting at 450 ms until maximum suppression of cortical gray matter was achieved at TI 700 ms. To visualize the advantages of the optimized sequence in comparison with a standard sequence, an MPRAGE that reflects the local standard for anatomic studies was acquired in 2 subjects with the following parameters: 176 sections; FOV, 256 ϫ 256 mm 2 In the first step, the images were compared with histologic atlases such as the Morel atlas, 15 the atlas of Mai et al, 16 and the Schaltenbrand and Wahren atlas. 17 For further evaluation, the software package 3DSlicer (Version 3.4.1, www.slicer.org) was used. The outlines of the 4 large thalamic nuclei groups (lateral, medial, anterior, and posterior groups) first described by Morel et al (see Table 1 in Krauth et al 10 ) were drawn on each section by an experienced neuroradiologist (B.B., 2.5 years of experience). Afterwards, the model-maker module of the software package was used to create 3D models. For the complete thalamus, the sum of the volumes of all 4 thalamic nuclei groups was chosen. For comparison, the mean 3D thalamus atlas published by Krauth et al 10 was used. Each image was moved by rigid-body transformation to a standard space with sections parallel to a line between the AC and the PC, with the middle of the AC being the origin. For comparison with the Schaltenbrand and Wahren atlas, the images were transformed into Reil's plane (a tangent line above the AC below the PC). To assess the inter-reader reliability, a second neuroradiologist (C.M., 5.5 years of experience), blinded to the results of the first reader, evaluated all of the datasets, and a consistency score was calculated. Each reader, n, selected a volume, V n , for each model. The overlap V o between volume V 1 and
for each thalamic nuclei group was divided by the larger volume
] to form the consistency score CS ϭ V o /V r . Both readers were trained in thalamic anatomy. Both readers first studied the myelin stains from the Mai et al atlas 16 and the Schaltenbrand and Wahren atlas, 17 as well as the anatomic segmentation of the Morel et al atlas. 15 Afterward, copies of myelin stains from the Schaltenbrand and Wahren atlas were segmented by hand, and the results were compared with the transparent segmentation overlay provided by the Schaltenbrand and Wahren atlas. For reference, both readers used the anatomic atlases during segmentation.
Results
The average intercommissural distance was 26.7 mm (range, 25-29 mm). In the standard MPRAGE protocol, there was a high contrast between white matter, gray matter, and CSF, whereas in the optimized protocol, the contrast between gray matter and white matter was optimal (Fig 1) . The outlines of some thalamic nuclei were visible in standard MPRAGE. In contrast, the optimized protocol depicted the borders between the nuclei groups more clearly (Figs 1 and 2 ). Inverted grayscale images in comparison with myelin stains from histologic sections showed a high level of concordance (Figs 3 and 4) . The section position in relation to the midline, the ACPC line, Reil's plane, and the AC (depending on the histologic atlas and Axial myelin stain (middle) from the Schaltenbrand and Wahren atlas, 17 taken it from plate 54, located 6.5 mm above Reil's plane, and a corresponding inverted gray-scale image from one of the subjects located 8 mm above Reil's plane (right). For anatomic reference, a schematic drawing adapted from the overlay of the Schaltenbrand and Wahren atlas is shown on the left. The boundaries of the thalamus have been delineated in all images with a thin black line. The white arrow marks the anteroventral nucleus, which can be clearly delineated as a hyperintense structure. The CM (marked by an asterisk) is clearly distinguishable from the surrounding structures. The anatomic structures belonging to the 4 thalamic nuclei groups used in this work have been colored (blue, anterior; red, medial; green, lateral; yellow, posterior). With the myelin stain-like contrast of inverted gray-scale images from the optimized MPRAGE sequence, the borders of the 4 large thalamic nuclei groups could be identified in all subjects and marked by hand. Figure 5 depicts a typical example of the demarcation of the 4 thalamic nuclei groups. The Table summarizes the size of the demarked thalamic nuclei group in comparison with the Krauth atlas. The anterior group was smaller compared with the atlas, while all the other thalamic nuclei groups were larger than those in the atlas. On average, the measured thalami were about 12% larger than the thalamus of the atlas. The accordance in size, location, and shape of the identified thalamic nuclei groups was high between both raters (Table and Fig 6) . For the lateral, medial, and posterior thalamic nuclei groups, the average consistency score between the volumes was 91 Ϯ 1.3% / 86 Ϯ 6.5%/92 Ϯ 1.1%, which was considered very good. For the small anterior thalamic nuclei group, a slightly lower consistency score of 75 Ϯ 5.9% between the 2 raters was reached.
Discussion
This study showed that the main substructures of the thalamus can be identified within a reasonable measurement time of Ͻ20 minutes in healthy subjects with an optimized acquisition protocol. The shape and localization of the 4 thalamic nuclei groups were in good agreement with the Krauth atlas, whereas the overall size was, in general, larger (Table) . An overestimation of the size of the thalamus by the neuroradiologists is unlikely because structures that are easy to identify, such as the MTT, the habenulae, or the pulvinar, could not be matched with the 3D atlas, and the average intercommissural distance (26.7 mm) was 1.3 mm larger than the average intercommissural distance (25.4 mm, 23-29 mm) of the 5 brains used for the Krauth atlas.
10,15 The Morel atlas 15 was used to 17 taken from plate 44, located 5.5 mm lateral to the midline and a corresponding inverted gray-scale image from one of the subjects, located 6.2 mm lateral to the midline (right). The boundaries of the thalamus have been delineated in all images with a thin black line. The white star marks the CM, which can be clearly localized. The bright structure (black star) close to the MTT is a vessel. For anatomic reference, a schematic drawing adapted from the overlay of the Schaltenbrand and Wahren atlas is shown on the left. The anatomic structures belonging to the 4 thalamic nuclei groups used in this work have been colored (blue, anterior; red, medial; green, lateral).
Fig 5.
An axial section of the optimized MPRAGE. Note that not only the 4 large nucleus groups (middle image) but also the further substructures can be identified. Medial to the MD, a hyperintense structure is also visible (dashed line depicts border), which is most likely the superficial medial nucleus 9 not described in the Morel atlas. 15 In the lateral nucleus group, only thin bands of white matter can be used to distinguish the different parts. The MTT is clearly visible as a hyperintense spot between the anteroventral nucleus (AV), central medial nucleus (CeM), and ventral anterior nucleus (VA). CL indicates central lateral nucleus; VLa, ventral lateral anterior nucleus; VLp, ventral lateral posterior nucleus; VPL, ventral posterior lateral nucleus; LP, lateral posterior nucleus; PuM, medial pulvinar.
create the Krauth atlas, 10 and it was not corrected for shrinkage due to the fixation process. This explains the average difference of approximately 13%, and, thus, should be kept in mind by neurosurgeons when planing stereotactic deep brain stimulation implantation. In contrast to the on-average larger size of the thalamus, the identified anterior nucleus group was, in all except 1 subject, smaller than that in the reference atlas. The anterior nucleus group consists of several small nuclei. In particular, the anterodorsal nucleus and the anteromedial nucleus are rather small nuclei, whereas the LD is a thin nucleus. All of the 3 nuclei are, in at least 1 dimension only, approximately 1-3 mm thick and, therefore, consist mainly of voxels that are part of the border of the nuclei. With an isotropic resolution of 1 mm 3 , partial volume effects at the borders easily explain the difference in size for the anterior group and explain the larger difference in the drawn volumes between the 2 readers in the case of the anterior nucleus group. For the 3 other thalamic nuclei groups, which have a larger volume and, due to their shape, fewer voxels located at the boundaries, the inter-reader agreement was much better.
Although many small substructures of the thalamus were identifiable (Fig 3C) , a clear discrimination of all thalamic substructures, possible with longer measurement times of hours or with a higher magnetic field strength, 12 was not achievable. However, the measurement technique used in this study can be easily applied in presurgical examinations. For a clinical application, the long measurement time of 20 minutes requires a strict prevention of head movement during the scanning time. This can be achieved with sedation or narcosis, which is frequently performed in patients with movement disorders. Although the definite identification of even small substructures was not possible, the suggested protocol clearly delineates important substructures and can be used to optimize correlation with stereotactic atlases and navigation planning.
There are several possible solutions to depict even smaller substructures with certainty. Due to the small size of many thalamic nuclei, a higher resolution might be necessary to depict the substructures. If the resolution is increased isotropically, signal intensity to noise would decrease unacceptably or measurement time would increase unacceptably. Because the shape of many nuclei varies slowly in 1 dimension (eg, sagittal or coronal for LD, axial for the CM), one might optimize the sequence, depending on the target nucleus. In this case, a low resolution in the slowly varying dimension can be combined with a high resolution in the other 2 dimensions. 13 Kanowski et al 13 suggested using at least an in-plane resolution 0.6 ϫ 0.6 mm 2 with a 2-to 3-mm section thickness to depict the CM. Because the various thalamic nuclei differ not only in their transversal but also in their longitudinal relaxation time, a multimodal imaging approach as applied by Deoni et al 11 at 1.5T might be possible in a reasonable measurement time at higher field strengths. Until now, results from new imaging techniques to segment the thalamus, such as diffusion tensor imaging, 18, 19 could only be compared with histologic atlases. With the new sequence, an individual comparison is possible, which might give a more detailed view inside the thalamus.
Other imaging modalities exist to depict the internal anatomy of the thalamus. Just recently, Abosch et al 20 showed high contrast images of the thalamus acquired with SWI at 7T. The measurement time for an isotropic resolution of 0.67 mm 3 was 15 minutes. In Fig 6 of the article by Abosch et al, 20 an axial section of the thalamus at the level of the habenulae is depicted. As in the optimized MPRAGE, many substructures can be identified, though the contrast differs for some substruc- tures, while others show a similar contrast in comparison with the optimized MPRAGE protocol. Whether SWI images at 3T provide a similar contrast and if the combination of the different contrasts of T1 and SWI further improves segmentation need further investigation. Gringel et al 21 reported that with multiparameter magnetization-transfer maps, improved contrasts can be obtained within the thalamus in a measurement time of 23-25 minutes, but postprocessing is required to calculate the multiparameter maps. The multiecho fast low-angle shot sequence needed is not available as a standard sequence on most scanners; this requirement is currently another drawback for clinical application. Whether the optimized MPRAGE or the multiparameter maps provide a better contrast was not evaluated.
Conclusions
With the optimized 3D MPRAGE protocol, the main substructures of the thalamus can be depicted. This permits an improved individual targeting for patients undergoing deep brain stimulation electrode implantation, which, before surgery, does not solely rely on stereotactic atlases.
